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Legislation on vehicle emissions continues to become more stringent in an effort to minimise the impact
of internal combustion engines on the environment. One area of signiﬁcant concern in this respect is that
of the cold-start; the thermal efﬁciency of the internal combustion engine is signiﬁcantly lower at cold-
start than when the vehicle reaches steady state temperatures owing to sub-optimal lubricant and com-
ponent temperatures. The drive for thermal efﬁciency (of both the internal combustion engine and of the
vehicle as a whole) has led to a variety of solutions being trialled to assess their merits and effects on
other vehicle systems during this warm-up phase (and implemented where appropriate). The approaches
have a common theme of attempting to reduce energy losses so that systems and components reach their
intended operating temperature range as soon as possible after engine start. In the case of the engine, this
is primarily focused on the lubricant system. Lubricant viscosity is highly sensitive to temperature and
the increased viscosity at low temperatures results in higher frictional and pumping losses than would
be observed at the target operating temperature. The approaches used to tackle the problem include
the use of phase change materials (to reduce the cool-down rate during a period following engine run-
ning) [1,2] and the use of thermal barrier coatings in an attempt to insulate the cylinder bore and prevent
heat loss (thus increasing the amount of energy utilised as brake work [3]). A range of system alterations
have also been trialled including diversion systems on the lubricant circuit to reduce thermal losses. Pre-
sented here is a critical review of the research into vehicle thermal management during the cold-start
phase which has been driven by a desire to improve both engine and overall vehicle engine efﬁciency.
The review includes both system developments and material selection issues and the role the two ﬁelds
have to play in tackling this critical issue.
 2014 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
The role of the internal combustion engine in a vehicle is to pro-
vide power to the driven wheels via the drive train. For this to be
achieved efﬁciently, the engine needs to be served by both a lubri-
cant system and a coolant system. The lubricant system prevents
metal on metal contact between moving components (thereby
reducing friction and wear), and the coolant system keeps the lu-
bricant and component materials within acceptable service
temperatures.
It is largely accepted that the combustion efﬁciency of a modern
internal combustion (I.C.) engine is well optimised, with approxi-
mately 98% of the energy contained within the fuel being released
on combustion in diesel engines and 95–98% in gasoline engines
[4]. However, the useful energy leaving the engine (termed ‘brakework’) is typically only 40% of the fuel energy [4,5]. The energy that
is used to provide drive to the wheels is less than the brake work,
since a fraction of this needs to be used to drive ancillaries such as
water pumps and the alternator. This inability to convert all the
chemical energy into brake work is termed the ‘gross indicated
thermal efﬁciency’. The overall efﬁciency of the engine is termed
the ‘fuel conversion efﬁciency’ and is deﬁned in Eq. (1):Fuel Conversion Efficiency ¼ Combustion Efficiency
 Gross Indicated Thermal Efficiency
ð1Þ
Eq. (1): Deﬁnition of engine fuel conversion efﬁciency
As will be outlined in Section 4.1, the properties of lubricants
are highly temperature dependent and, without exception, engine
lubricants are designed to be at their most efﬁcient at steady state
operating temperatures which range between 100 C and 110 C
[6,7]. High lubricant viscosity at lower temperatures results in
Nomenclature
I.C. internal combustion
NEDC New European Drive Cycle
FTP Federal Test Procedure
CO carbon monoxide
HC hydro carbon
NOx nitrous oxides
PPM parts per million
k AFRAFRstoichmetric
AFR air:fuel ratio
So Sommerfeld number
l or Z dynamic viscosity (N s m2)
t kinematic viscosity (m2 s1)
N relative velocity of the two surfaces (m s1)
P applied load per unit width of the bearing (N m1)
F frictional force within the bearing (N)
D bearing diameter (m)
U relative bearing speed (m s1)
c bearing clearance (m)
e eccentricity ratio
BMEP brake mean effective pressure
S.I. spark ignition
C.I. compression ignition
TEG thermoelectric generator
Z ﬁgure of merit
a Seebeck coefﬁcient (V K1)
q electrical resistivity (Xm1)
k thermal conductivity (Wm1 K1)
VCHP variable conductance heat pipe
TBC thermal barrier coating
FMEP friction mean effective pressure
PCM phase change material
Cp speciﬁc heat capacity (J kg1 K1)
m mass (kg)
AH auxiliary heater
EGHR exhaust gas heat recover unit
LHA latent heat accumulator
Fig. 1. Speed–time trace for the NEDC [18].
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of the engine further. Will et al. [5,8] estimated that frictional
losses in the engine during the early stages of warm-up (when
the engine is in the region of 20 C) can be up to 2.5 times higher
than those observed when the lubricant is fully warm. If this tem-
perature is reduced to a cold-start scenario of 0 C, then Samhaber
et al. [9] predicted increases in fuel consumption of up to 13.5%.
Such a trend is not only critical over the course of the NEDC but
has a signiﬁcant impact on the vehicle owner. André [10] carried
out extensive work investigating the driving habits and trends of
vehicles used in real conditions. He found that most trips made
by car owners are of a short duration in terms of both time and dis-
tance. The work investigated the driving trends of 55 vehicles and
characterised 1840 h of vehicle running and found that approxi-
mately one third of the trips made did not enable the engine cool-
ant to exceed 70 C or the engine lubricant to exceed 60 C.
During the engine warm-up phase, there are effectively three
thermal masses interacting with each other, namely the main en-
gine block, the lubricant and coolant. Of the three, the coolant is
the fastest to respond owing to its temperature being closely cou-
pled to that of the combustion gases [4,11,12]. In contrast, the lu-
bricant temperature and block temperature are generally much
slower to respond owing to the block having a large thermal inertia
and the lubricant being much less closely coupled to the combus-
tion process [7,13,14]. During the early phases of warm-up when
the cylinder walls are cold, most of the energy from combustion
is transferred to the walls owing to the high temperature differen-
tial between them and the combustion gases. With this in mind,
thermodynamics indicates that insulating the combustion process
from the block as much as possible (and thus increasing the gas
temperature) will increase the conversion efﬁciency of combustion
energy to mechanical brake work [3,15].
The desired increase in temperature of the lubricant during the
warm-up phase results from some direct transfer of heat from the
cylinder walls, but primarily results from frictional dissipation in
the engine systems such as the main bearings [7,16,17]. During
the cold-start phase, a high heating rate of the lubricant to its opti-
mum operational temperature is desirable, which in turn indicates
that anything that limits the lubricant heating rate is undesirable.
One route to achieve this would be the insulation of the lubricant
circuit from the engine block in regions where the engine block is
cooler than the lubricant. Alternatively, one could attempt to re-
cover energy from other systems to increase the rate of lubricantwarm-up. However, there is a need to ensure that any of these
strategies do not prevent the lubricant being maintained at its
optimal operational temperature once this has been reached (i.e.
lubricant overheating must be avoided).
This work aims to review the approaches taken to improve en-
gine cold-start performance, assess the ﬁndings and discuss the
likely effectiveness of strategies based on system performance
and materials optimisation.2. Legislation and emissions performance
The New European Drive Cycle (NEDC) is an important perfor-
mance metric for internal combustion engine efﬁciency. It is a
1200 s long drive cycle against which all new engines are tested,
and aims to simulate a range of driving scenarios from motorway
cruising to city centre idling as shown by the speed trace in
Fig. 1 [18]. In the European Union, fuel consumption ﬁgures for
new cars are quantiﬁed from the NEDC and thus any methods to
improve cold-start efﬁciency must be effective in reducing fuel
consumption over an NEDC test.
As well as concerns with efﬁciency, the need to improve cold-
start performance is also highly inﬂuenced by the need to improve
emission quality. As pressure increases to minimise the burden
that I.C. engines place on the environment, legislation continues
to tighten. Examples include the London Emission Zone that im-
poses ﬁnancial penalties on commercial vehicles that fail to meet
Transport for London particulate matter legislation. European
OEMS are required under EU law by 1st January 2015 to ensure
Fig. 2. Effect of ambient operating temperature on fuel consumption over an urban
drive cycle for a Euro 1 compliant S.I. engine [22].
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130 g km1 of carbon dioxide (CO2) emissions [19]. Furthermore,
all vehicle OEMS, as of September 2014 will be required to ensure
that all class M vehicles (passenger-carrying with less than 8 seats)
[20] meet the Euro 6 Emission standards. These emission limits are
detailed in Table 1 for both diesel compression ignition engines
(C.I.) and gasoline spark ignition (S.I.) engines.
It should be noted that the NEDC is not the only drive cycle used
to test and characterise vehicle performance. Whilst the NEDC is a
critical performance test within the European market owing to its
use in emission legislation, other test cycles include:
 The Artemis test proﬁle, commonly used in Europe to represent
more realistic driving behaviour relative to the NEDC [18].
 The Federal Test Procedure (FTP) range of tests that are used in
the North American market [18].
However, whilst there are differences in these drive cycles, they
are each of limited duration and thus any inefﬁciencies associated
with a cold-start will have a signiﬁcant effect on the performance
metrics.
3. The implications of cold-start engine performance
The steady state performance of the internal combustion has
improved noticeably over the years, both in terms of fuel consump-
tion and emissions quality. This can be attributed to a range of
developments including the use of common rail fuel injection, im-
proved lubricants, more complex engine control strategies and the
use of catalytic converters on most vehicles. However, the cold-
start performance of vehicle engines remains problematic.
Andrews et al. [22] demonstrated that engine fuel consumption
has a linear dependence on ambient temperature and this is shown
in Fig. 2 [22]for a Euro 1 compliant S.I. engine. Over an urban drive
cycle, the fuel consumption was shown to increase by 18% when
the ambient temperature decreased from 31 C to 2 C. The work
of Tobergte et al. [5,23] highlighted a similar trend for three differ-
ent variants of engine (a 1200 cc 3 cylinder S.I. engine, a 1400 cc 4
cylinder S.I. engine and an 1800 cc S.I. engine) as did Goettler et al.
[24] with a 3.3 l S.I. engine. Such observations are of critical impor-
tance to vehicle manufacturers as the NEDC test is required to be
conducted from a soak temperature of between 20 C and 30 C
[11]. Similarly, Kunze et al. [14] presented data that showed that
the fuel consumption of a gasoline engine reduced by an average
of 10% over the duration of the NEDC when the start temperature
was increased from 25 C to 90 C. Consequently, whilst the vehicle
may have acceptable performance credentials once fully warm,
poor cold-start performance may result in the vehicle possibly fail-
ing key emission tests and also being assigned a high fuel con-
sumption. It is therefore critical to make attempts to improve
fuel consumption during the cold-start and warm-up phase, partic-
ularly as consumer driving habits often involve trips that are of a
sufﬁciently short distance that the engine never reaches its opti-
mum operating temperature. Goettler et al. [24] estimated that
up to 80% of trips made in the United States of America are less
than 15 km in length whilst Jarrier et al. [25] claimed the mean
European car journey is approximately 10 km. Andrews et al.
[26] reported the ﬁndings of André who found that from a surveyTable 1
Upper limits of emission levels allowed under the Euro 6 emission regulations for spark i
Carbon monoxide (CO) (mg km1) NOx (mg km1)
S.I. C.I. S.I.
1000 500 60of 35 vehicles, 52% of the vehicle journeys made were less than
3 km in duration. Later work by André [10] concluded that
one third of car journeys are completed before the engine is fully
warm.
A typical ﬁgure for the fuel conversion efﬁciency of modern I.C.
engines is 40% [4,5]. The work of both Trapy and Damiral [7] and
Will and Boretti [5] indicates that as little as 9% of the energy in
the fuel is converted to effective work during the cold-start phase,
a reduction of approximately 30%. This reduction in efﬁciency is as
a result of components and ﬂuids (discussed in greater detail in
Sections 3 and 4) being below their optimal temperature.
Fig. 3 [7] presents data which describe the energy balance of an
engine during the warm-up phase. The left-hand chart provides an
energy thermal balance at the combustion chamber and the right-
hand chart provides a breakdown of the 53% of energy that is
transferred as heat to the cylinder walls. The energy transferred
to the cylinder walls causes the coolant, the metallic structure
(including the block and crankshaft) and the lubricant to warm
up. However, what is indicated is that 52% of this heat energy is
not found to warm-up any of the ancillary circuits (such as the lu-
bricant or coolant), but is instead lost directly to the environment
(termed ‘unused heat’). It should also be noted that only 4% of the
heat from combustion will be found to actually warm up the lubri-
cant. Similarly, the theoretical modelling work of Samhaber et al.
[9] detailed the energy balance of the heat sink of a diesel engine
(offering comparative data to that presented in the right hand part
of Fig. 3). In this work, it was found that 60% of the energy was used
to heat the structural parts, with approximately 20% being ab-
sorbed by the coolant and 10% by the lubricant. Thus, the lubricant
once again receives a small proportion of the energy available. The
proportion retained in the metal structure is higher in the work re-
ported by Samhaber et al. [9] and a possible reason may be that the
work of Samhaber et al. was based on the NEDC with varying load
and speed whereas Trapy’s experimental results were conducted at
a constant speed and load. Also, Trapy’s work was conducted on an
S.I. engine whereas Samhaber et al. were simulating a diesel en-
gine. Thus, the thermal mass of the diesel engine will have
undoubtedly been higher to incorporate the higher structural
strength required to cope with the higher compression ratios.gnition (S.I.) and compression ignition (C.I.) engines [21].
Particulate matter (mg km1)
C.I. S.I. C.I.
80 5.0 5.0
Fig. 3. Energy thermal balance diagram during warm-up of a 4 cylinder 1.7 l S.I.
engine [7].
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Low fuel consumption ﬁgures are highly desirable in the NEDC.
However, as highlighted in Section 2, European legislation is fo-
cused on emission ﬁgures and not just fuel consumption perfor-
mance. A critical component in the treatment of exhaust gas
emissions on modern vehicles is the catalytic converter which ex-
ists to reduce the level of oxides of nitrogen (NOx), hydrocarbon
(HC) and carbon monoxide (CO) emissions. Shown in Fig. 4 [27]
is a plot of the conversion efﬁciency, as deﬁned in Eq. (2), of a typ-
ical catalytic converter against temperature. One can see that the
conversion efﬁciency of the catalytic converter can approach
100%, but that it provides almost no beneﬁt when cold. Conse-
quently, a system where the catalytic converter becomes opera-
tional sooner is likely to be of equal importance (if not more so)
to manufacturers than system improvements that offer fuel con-
sumption improvements. Critically, any strategy implemented on
the vehicle to improve fuel consumption must not signiﬁcantly
prolong the time for the catalytic converter to reach its light-off
temperature, that being the temperature where the catalytic con-
verter reaches 50% conversion efﬁciency [4]. The time frame forFig. 4. Catalytic convertor efﬁciency against operating temperature for HC and CO
emissions [27].the catalytic converter to become active and light off is variable
depending on the engine and load being applied, but during real-
world driving, Li et al. reported typical light off times of 150 s using
a 1.8 l S.I. engine [13]. Similarly, the work of Zhao and Winterbone
[28] reported light off temperatures being reached in 210 s in a
wide open throttle scenario but this was extended 555 s in an id-
ling scenario.
Conversion efficiency ¼ _mpollutant in  _mpollutant out
_mpollutant in
ð2Þ
Eq. (2): Conversion efﬁciency of a catalytic converter
The work of Gumus [29] focused on utilising a phase change
material to pre-heat the engine and therefore reduce emissions
whilst the catalytic convertor was inactive (as the focus here was
on the use of phase change materials, the work is discussed in
more detail in Section 6.5.1). However, as part of his research,
the carbon monoxide (CO) and hydrocarbon emissions (HC) emis-
sions were measured before and after the catalytic convertor for a
1.6 l S.I. engine, with these results being shown in Fig. 5 [29].
Whilst the comparison of the data with and without pre-heating
measures the effectiveness of the pre-heating strategy, one can
use the data presented in Fig. 5 [29] to measure the conversion efﬁ-
ciency of the catalytic convertor relating to hydrocarbon emissions
over time (shown in Fig. 6). It can be seen that the catalytic con-
verter does not begin to improve in performance until after 400 s
and that it only reaches peak efﬁciency at around 1000 s. This is
a signiﬁcant challenge to overcome when the legislative emission
tests are based around the NEDC that is 1200 s long (meaning that
for around a third of the test there is no active exhaust after-treat-
ment process).
Conversion efficiencyHC ¼
HC PPMIn HC PPMOut
HC PPMIn
ð3Þ
Eq. (3): Catalytic converter HC efﬁciency
Whilst the light off temperature of the catalytic converter is
paramount in controlling its effectiveness, it is not the only consid-
eration in achieving optimum performance. Another critical
parameter is that of the lambda ratio (k). The lambda ratio is de-
ﬁned in Eq. (4) and it follows that a k value above unity results
in a fuel rich condition whereas a k value below unity indicates a
lean burning condition. Shayler and Christian [17] highlighted that
during the warm-up phase, S.I. engines are usually operated using
a rich mixture to help overcome the poor mixing of the inlet charge
as a result of the cylinder walls being cold. Such a strategy raises
the unburned hydrocarbon emissions as a result of there being
too much fuel present to achieve complete combustion [17,30].
Shayler et al. later highlighted that fuel returning from forming a
surface ﬁlm on the combustion chamber surface is particularly
poorly mixed and therefore poorly burnt [30]. However it is also
apparent, based on the work of Li et al. [13], that the conversion
efﬁciency of the three way converter is also impeded due to the
rich mixture. Thus, it can be seen that not only does the necessary
rich fuel mixture generate higher emissions but also the mecha-
nism of controlling them is limited too.
k ¼ AFR
AFRstoichmetric
ð4Þ
Eq. (4): Deﬁnition of the lambda ratio
Whilst not explicitly dealt with in this work, it is also worth
noting the requirements of controlling NOx emissions with ex-
haust gas recirculation (EGR). By re-circulating some of the exhaust
gases back to the inlet air, NOx emissions are reduced and this is a
common strategy. NOx emissions rise with temperature and such
an increase is therefore one of the few negative effects of trying
to increase the operating temperature of an IC engine. By using
Fig. 5. Effect of temperature on catalytic convertor efﬁciency of (a) HC emissions and (b) CO emissions [29].
Fig. 6. Plot of HC conversion efﬁciency against time for a catalytic converter during
warm-up both with and without a phase change material energy storage device
coupled to the engine lubricant circuit using data from the work of Gumus [29].
Fig. 7. Temperature plot against time of coolant and lubricant for a 1.7 l S.I. engine
[7].
A. Roberts et al. / Energy Conversion and Management 82 (2014) 327–350 331EGR, NOx emissions are reduced owing to the following effects
[31]:
 A reduction in the availability of oxygen for the formation of
NOx.
 The increased presence of water and carbon dioxide in the inlet
charge raises the thermal capacity of the inlet charge and thus
reduces the in-cylinder temperatures.
 A less signiﬁcation effect is that of the thermal dissociation of
carbon dioxide (CO2) and (H2O). The breaking of chemical bonds
in the process of the dissociation is endothermic and conse-
quently the combustion gas temperature is reduced.4. The impact of lubricant and coolant temperature on engine
cold-start inefﬁciency
It has been shown in Section 3 that due to ﬂuids and compo-
nents being below their optimal temperature, the thermal efﬁ-
ciency of an I.C. engine is signiﬁcantly reduced during the cold-
start phase with only a very small fraction of the energy contained
in the fuel being converted to brake work. However, it is important
to understand the role of ﬂuid and component temperature on
thermal efﬁciency and also the time frames involved for the sys-
tems to reach there optimal operating temperature. Fig. 7 [7]
shows the temperature proﬁle for both the lubricant and coolant
for a 1.7 l S.I. engine when operating at 10 N m and 2000 rpm [7].
It can be seen that within 7 min, the coolant temperature has
reached its peak value which has resulted in the thermostat open-
ing and the system actively dissipating heat to the environment via
the radiator. In direct contrast, it can be seen that the lubricant
temperature is still not at steady state 15 min into the warm-up
cycle. This trend of the lubricant temperature lagging the coolant
temperature is veriﬁed in the work of Li et al. [13], Kunze et al.
[14], Andrews et al. [22] and Jarrier et al. [25]. The work of Jarrier
et al. focuses on a diesel engine, indicating that such a problem is
not conﬁned to one type of engine. Further work by Andrews et al.
Fig. 8. The Streibeck Curve where Z = lubricant dynamic viscosity, N is the
rotational speed of the bearing and P is the bearing load [36].
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from the past 20 years and found that over this period of time, the
rate of lubricant warm-up had stayed constant with values of
0.1 C s1 being reported. Comparatively, coolant warm-up rates
have typically been in the region of 0.25–0.4 C s1. This lag in
the rate of increase of lubricant temperature is highly signiﬁcant
in the observed inefﬁciencies during warm-up with Andrews
et al. [22] arguing that an increase in lubricant warm-up rate is
critical to improving cold-start efﬁciency. The warm-up process
of an I.C. engine is complex with multiple sub-systems and compo-
nents requiring heating. The coolant system, at steady state, is re-
quired to keep components within acceptable limits and
consequently the coolant and cylinder liner temperatures are clo-
sely coupled [4,11,12]. Thus, in a conventionally designed I.C. en-
gine, a high coolant temperature indicates high cylinder liner
temperatures. Higher liner temperatures are desirable since they
promote the full and effective mixing of the inlet charge and facil-
itate complete combustion [3,9,11,12]. Consequently, a higher liner
temperature facilitates greater energy release from the fuel,
improving both fuel consumption [32] and emission quality. Also,
the liner temperature has been shown to have a strong effect on
the piston–liner friction work, with increased liner temperatures
reducing the friction at this interface [12]. Thus, during the warm-
up phase, heating of the coolant is desirable as it prevents quenching
of the cylinder liners and therefore reduces friction and improves
combustion quality. Andrews et al. [22] was able to isolate the effect
that low temperature lubricant viscosity has on fuel consumption
from the effect of low coolant temperatures and subsequent poor
combustion. This work is discussed in detail in Section 4.1.
It is worth highlighting the frequency that an engine is subject to
such a warm-up cycle; André [10] reported that the average
trip duration was 11 min in their sample, and that 67% of trips did
not exceed this duration. Thus, it may be argued that the lubricant
spends the majority of its time operating at sub-optimal tempera-
tures. Indeed, if one takes the work of André [10] and combines it
with Fig. 7, it can be seen that in two thirds of engine running, the lu-
bricant will not be up to temperature.
4.1. The sensitivity of engine lubricant to temperature
Whilst high cylinder wall temperatures are advantageous to the
efﬁciency of I.C. engines, the more critical observation from Fig. 7
[7] is the lower rate of lubricant warm-up when compared to that
of the coolant. The primary purpose of the lubricant is to reduce
friction in the engine, and if frictional losses rise (due to the lubri-
cant operating at a sub-optimal temperature), an increase in fuel
consumption and emissions will result. The systems associated
with signiﬁcant frictional losses in the engine are numerous and
include the valve train, crankshaft bearings and piston rings
[12,31,33,34] with Zammit et al. [35] estimating that the main
crankshaft bearings account for up to a third of the total frictional
losses during warm-up (although the distribution of friction in the
engine varies between engines and with operating conditions).
Frictional loss depends upon a complex relationship between the
interacting surfaces together with the lubricant present and is best
understood using the Streibeck Curve shown in Fig. 8 [36]. In this
plot, the coefﬁcient of friction, l, is plotted against the dimensionless
Sommerfeld number. The Sommerfeld number is deﬁned as:
So ¼ ZN
P
ð5Þ
where
Z = lubricant dynamic viscosity (N s m2)
N = relative velocity of the two surfaces (m s1)
P = applied load per unit width of the bearing (N m1).Eq. (5): Deﬁnition of Sommerfeld numberThe vertical lines on the graph separate the three broad lubrica-
tion regimes namely, boundary, mixed and hydrodynamic from left
to right. The optimal (lowest) frictional losses are found at the
transition from mixed to hydrodynamic lubrication and from this
point, either an increase or decrease in the Sommerfeld number re-
sults in a higher coefﬁcient of friction and subsequent increases in
fuel consumption. In the context of the internal combustion en-
gine, both the load and bearing rotational speed (both of which
are variables included in the Sommerfeld number), are largely
ﬁxed by drive requirements of the vehicle and therefore minimis-
ing friction within the engine is largely governed by ensuring that
an appropriate value of lubricant viscosity is maintained. At low
temperature there is a need to ensure the viscosity is not so high
as to increase the friction when in the hydrodynamic regime (typ-
ically a problem at low temperatures) whilst there is a need to en-
sure that at high temperatures the lubricant viscosity does not
become so low that the lubricant ﬁlm breaks down and boundary
lubrication dominates.
Shayler et al. [37] used friction mean effective pressure (FMEP)
to characterise the effect of lubricant viscosity on using a range of
lubricants with different grades on a 2.4 l direct injection diesel en-
gine. Some outcomes of the work, shown in Fig. 9 [31,37], indicate
a power law increase in FMEP with lubricant viscosity; the depen-
dence of lubricant viscosity with temperature is shown in Fig. 9b. It
can be seen that owing to the effect of lubricant viscosity, the en-
gine FMEP can reach values of up to 8 bar which represents a four-
fold increased relative to typical FMEP values for a fully warm
engine (typically between 1.5 bar and 2 bar [4]). Such an effect is
reﬂected in Eq. (6) [38] which enables the FMEP at a given lubri-
cant viscosity to be characterised. The value of n is typically in
the region of 0.19–0.24 for gasoline engines and 0.25–0.32 for die-
sel engines [38]. The power law relationship between lubricant vis-
cosity and engine FMEP enables the effect of sub-optimal lubricant
viscosity to be appraised in isolation of the beneﬁts in efﬁciency
served by raising the temperature of other thermal masses in the
engine (e.g. raising the temperature of the liner walls). The work
presented in Fig. 9 also conﬁrms that the hydrodynamic lubrication
regime is dominant in the engine rather than mixed or boundary
lubrication. If one refers back to the Streibeck Curve in Fig. 8, it is
only in the hydrodynamic region where the coefﬁcient of friction
rises with increasing viscosity and so were boundary or mixed
Fig. 9. Measured engine FMEP against lubricant dynamic viscosity and lubricant dynamic viscosity against temperature for a 2.4 l direct injection diesel engine running at
2000 RPM [31,37].
Fig. 10. Change in dynamic viscosity with temperature for SAE monograde and
multigrade engine lubricants. Multigrade lubricants are shown in dashed lines
whereas monograde lubricants are shown with solid lines [40].
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pected to increase with falling lubricant viscosity.
FMEP ¼ FMEPfully warm llfully warm
 !n
ð6Þ
Eq. (6): Variation of engine FMEP with lubricant dynamic vis-
cosity [38]
Andrews et al. [22] carried out investigative work on both a
Ford Valencia and a Ford CVH engine (both S.I.) where the coolant
was preheated to 90 C but the lubricant was allowed to heat up by
conventional means. Such a strategy enabled the effect of high lu-
bricant viscosity to be observed in isolation of the effects of low
coolant and cylinder wall temperatures. The results showed that
in ﬁxed load tests with 6.6 kW of brake power, fuel consumption
was 25% higher as a result of the increased lubricant viscosity at
the start of the cycle as compared to when fully warm. An excess
in fuel consumption relative to a fully warm situation was ob-
served for over 10 min in this work.
The sensitivity of frictional losses to lubricant viscosity is of
paramount importance in understanding why a long lubricant
warm-up time is undesirable in controlling engine cold-start
inefﬁciencies. There has been much work carried out over the past
40 years which has attempted to stabilise the properties of lubri-
cants (particularly viscosity) over the temperature range of opera-
tion, with multi-grade synthetic oils having become highly
complex mixtures with viscosity stabilisers added [31]. The viscos-
ity modiﬁers are typically polymer molecules and work by the
polymer being more soluble in the lubricant at high temperatures
than at low temperatures. They therefore interfere with lubricant
ﬂow at high temperatures and reduce the temperature thinning ef-
fect [39]. Typical viscosity modiﬁers are:
 Oleﬁn copolymers (ethylene, propylene and butylene).
 Polymethacrylates (methacrylic acids, and alcohols).
 Styrene–butadine copolymers (styrene butadiene).
 Hydrogenated polyisoprene (isoprene).
However, although desirable, lubricants where the viscosity is
independent of temperature have not yet been developed, with
typical viscosity-temperature proﬁles for a range of SAE mono
grade and multi grade lubricants being shown in Fig. 10 [40]. The
high sensitivity of viscosity to temperature can be observed, as
can the beneﬁt of the multigrade lubricants relative to monograde
lubricants. It can be seen that the dynamic viscosity of multi grade
lubricants is still highly sensitive to temperature, thus highlighting
the limitations of using lubricant chemistry to improve cold start
inefﬁciency. The variation of dynamic viscosity with temperature
is typically characterised by a Vogel curve and is described by Eq.
(9) [41,42]:
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ð7Þwhere:
l = lubricant dynamic viscosity (N s m2)
kv = constant with the same units as those used for dynamic vis-
cosity
T = temperature (C)
h1 and h2 = constants with the same units as those used for
temperature.
Eq. (7): Vogel equation to model the variation in lubricant dy-
namic viscosity with temperature [41,42]
Burke et al. [31] present a similar limitation in the ability of
multigrade lubricants to control lubricant viscosity although they
base the ﬁndings on the kinematic viscosity, rather than the dy-
namic viscosity. The, kinematic viscosity, deﬁned in Eq. (8), is sim-
ply the dynamic viscosity divided by the density. Consequently, the
kinematic viscosity is less sensitive to temperature owing to the
density also reducing with temperature and offsetting the reduc-
tion in dynamic viscosity.
t ¼ l
q
ð8Þ
Eq. (8): Kinematic viscosity as a function of dynamic viscosity
It is not currently possible to ﬁnd a lubricant that offers optimal
lubrication across the complete lubricant temperature range. There-
fore, with an understanding of the link between lubricant tempera-
ture and friction, it is now clear to see why the prolonged lubricant
warm-up relative to the coolant shown in Fig. 7 is so undesirable.
4.1.1. Experimental observations of poor cold-start performance
The difﬁculty in starting a cold engine was originally not linked
to lubricant viscosity. In an early review of published work, Vick
[43] highlighted that early researchers argued that a minimum
cranking speed existed, below which an engine would not ﬁre,
with such behaviour being attributed to there being a minimum
cranking speed required to achieve an acceptable air: fuel ratio
for combustion. It was the work of Selby in 1964 that linked the ef-
fect of high lubricant viscosity to engine starting ability. Selby’s
theory was based on work by Becker who measured the power re-
quired to crank an engine at various engine crank shaft speeds with
differing grades of lubricant, with his results shown in Fig. 11 [43].
Also shown in Fig. 11 is the output power from a starter motor at
different speeds. If the power required to crank the engine at a gi-
ven speed with a particular lubricant is below that of the starter
motor output, then the engine will ﬁre (conversely, it will not ﬁre
if the power requirement is above that of the starter motor output).Fig. 11. Starting power requirements to crank an engine at different speeds when
utilising different grades of monograde engine lubricant at 10 F (10 C) compared
to the starter motor output [43].It should be noted that the work discussed here was carried out
with monograde lubricants and therefore, the effect of tempera-
ture on the lubricant properties will be more pronounced than that
which would be expected for a system operating with a modern
multigrade lubricant.
Since Vick’s review, detailed investigations of the effect of lubri-
cant operating at sub-optimal temperatures on different parts of
the engine have been conducted. The work of Shayler et al. [34] fo-
cused on the effect of main bearing friction during cold-start and
demonstrated that frictional work in the bearings (dissipated as
heat) is signiﬁcant during the early stages of warm-up. An un-
loaded crankshaft was tested from an initial soak temperature of
20 C to observe the effect of oil viscosity on friction at the bear-
ings and subsequent heat generation. Fig. 12 [34] shows the heat
ﬂux away from the bearings during the warm-up phase of the en-
gine, with an initially large ﬂux which rapidly decreases with time.
The high heat generation in the bearings results from the high fric-
tional losses at cold-start (in this work, there were no other sources
of heat). From these data, an empirical equation was developed
that relates the friction force in the bearing to a range of parame-
ters, amongst them the lubricant viscosity. This relationship is
shown in Eq. (9). Using this formula, power losses in the bearing
can simply be related to the product of the frictional force and
the surface speed. Thus, the power dissipated at the bearings
would be proportional to the product of U1:6l0:8.
F ¼ bpDLl
0:8U0:6
c½ð1 e20:5
ð9Þwhere:
F = frictional force within the bearing (N)
b = constant
D = bearing diameter (m)
U = relative bearing speed (m s1)
l = dynamic viscosity (Pa s)
c = bearing clearance (m)
e = eccentricity ratio (in this work set to 0.6)
Eq. (9): Empirical relationship of frictional force within
unloaded bearings as a function of lubricant viscosity [34]
It should be noted that the equation indicates that the frictional
force is not related to the load carried at the bearing with theFig. 12. Rate of heat ﬂow from bearing shells during the early stages of engine
warm-up [34].
Fig. 14. Energy ﬂows per bearing from a 2.4 l diesel engine running at 2000 RPM
and 3 bar BMEP during warm-up [35].
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gine load during start-up. Instead, the frictional force is dependent
on engine speed with the lubricant heating rate having been found
to be dependent on engine speed by both Andrews et al. [16] and
Shayler and Christian [17]. Such observations imply that the heat-
ing rate of the engine is dependent on frictional heating. If heat
transfer from combustion was the dominant source of lubricant
heating, it would be expected that the lubricant heating rate would
show a positive correlation with engine load owing to the need to
burn more fuel to meet the higher load requirements. Instead, the
correlation with engine speed (and hence bearing surface speed)
indicates that it is the friction in the bearings that dominates as
a heat source. The absence of load in these tests also makes the
ﬁndings transferable to both S.I. and C.I. engines. Heat generated
from bearing friction has two possible means of dispersal, namely
through lubricant ﬂow or through conduction into the surrounding
metallic structures, be that the engine block or crankshaft. This is
summarised in the schematic thermal network diagram shown in
Fig. 13. Zammit et al. [35] demonstrated that in the early phases
of engine running, up to 80% of the heat generated from friction
was transferred to either the bearing shells or crankshaft journals,
thus prolonging the warm-up phase. Such ﬁndings are shown
graphically in Fig. 14 [35] from test simulations of a 2.4 l diesel en-
gine run at 2000 rpm with 3 bar brake mean effective pressure
(BMEP). One can see that the predictions of frictional power dissi-
pation agree well with the work of Shayler et al. [34]. It should also
be noted that the simulations indicate that a large fraction of the
energy is dissipated to the surrounding metal structure in the early
phases rather than being retained in the lubricant. In Fig. 15 [7],
Trapy and Damiral demonstrated the overall heating effect of all
the bearings (rather than heat ﬂow per bearing) was just over four
times the ﬁgures presented by Shayler et al. [34] and Zammit et al.
[35]. Given that for a 4 cylinder engine, one may expect up to 5
main bearings to be present, this correlates well with Shayler’s
and Zammit’s work. Shayler’s and Zammit’s work related to C.I. en-
gines whereas Trapy’s work referred to S.I. engines, which indi-
cates that the trend observed is consistent across engine types.
Critically, Trapy and Damiral [7] also linked these bearing friction
ﬁgures to the overall contribution made to lubricant heating, argu-
ing that the main source of lubricant heating during engine warm-
up is that of the frictional power dissipated in the bearings them-
selves (61%). The remaining 39% is provided by what is referred to
as ‘complimentary heat’ which encompasses all the other contribu-
tions to lubricant heating throughout the engine, including the
heat passed to the lubricant from the combustion process, heat
transfer from the coolant and other frictional losses. Another key
observation is the relative importance of piston cooling jets in lu-
bricant warm-up with Trapy and Damiral [7]reporting the percent-Fig. 13. Schematic heat ﬂow netage of heat input from ‘complimentary sources’ reducing to as little
as 9% when the piston cooling jets were deactivated.5. Summary of the problem
Considering the work of Trapy and Damiral [7], Zammit et al.
[35], Andrews et al. [16] and Shayler et al. [17,34], it can be con-
cluded that the primary mechanism of lubricant heating during
the warm-up phase of an I.C. engine is from increased frictional
work in the bearings. Critically, both Zammit et al. [35] and Shayler
et al. [34] show that much of this heat is not effectively retained in
the lubricant but is instead transferred via the bearings to the rest
of the engine.
It has also been established that low engine cold-start efﬁciency
broadly results from the increased frictional losses in bearings due
to the viscosity of lubricants at low temperatures being too high
(and thus providing sub-optimal lubrication conditions). There is
therefore a clear need to retain a higher fraction of this energy in
the lubricant (thus resulting in a more rapid attainment of the lu-
bricant steady-state temperature and optimum viscosity). Such a
need is compounded by strong consumer trends to utilise vehicles
for short journeys that do not enable the engine to reach its oper-
ating temperature before being switched off.
It can be concluded that during the cold-start phase, there is po-
tential to improve efﬁciency by means of increasing the lubricant
warm-up rate to closer match that of the coolant and therefore re-
duce friction. The increase in lubricant heating rate need not be of a
large magnitude. The sensitivity of lubricant viscosity to tempera-
ture means that the viscosity has resulted in the lubricant viscositywork for bearing heat to oil.
Fig. 15. Frictional losses within an I.C. engine providing heat input to the lubricant system for a 1.7 l S.I. engine. Complementary heat to the lubricant is also shown and is a
term for all other heat sources to the lubricant including combustion heat and heat from the coolant [7].
336 A. Roberts et al. / Energy Conversion and Management 82 (2014) 327–350reducing by 65% in the ﬁrst 20 C of heating and therefore small
temperature increases could reduce friction considerably [22].
Kunze et al. [14] estimated that to heat the 10 l of lubricant in an
S.I. engine would require 2.0 MJ of energy. Andrews et al. [22],
accounting for lower ambient running conditions and a higher
peak temperature requirement believed that 2.5 MJ would be a
more accurate estimate and that the CO2 emission penalty for such
a process was 12.5–22 g CO2 km1 which represents 18% of the
130 g km1 target. Will [8] estimated that if engine friction can
be reduced, then the running cost of the vehicle over a
150,000 km lifetime could reduce by €1500–2100. Thus it has been
quantiﬁably seen how the issue presented by engine lubricant
being at a sub-optimal temperature has a direct effect on the oper-
ating cost of the vehicle and will contribute to increased state pen-
alties as result of increased emissions.6. Potential improvements to cold-start performance
This section seeks to describe and discuss strategies which have
been suggested for improvement of issues associated with cold-
start. In summary, there are three primary effects of engine cold-
starts, namely:
 The lubricant being too viscous resulting in high frictional
losses.
 The engine cylinder walls being too cold resulting in poor com-
bustion and increased piston/liner friction.
 The catalytic converter being too cold to offer satisfactory con-
version efﬁciencies of exhaust pollutants.
Fig. 16 is a schematic diagram of the different engine cold-start
performance issues and their interrelationships. Various methods
have been used to improve cold-start performance across the years
and in the sections that follow, these will be discussed in detail.
The interrelations between different systems of the engine and
vehicle are complex and therefore an attempt to solve one problem
may result in a deterioration of another performance measure. The
relative merits of different strategies also depend on the severity of
the cold-start. In the situation where an engine is being subjected
to a full cold-start (i.e. the whole system is at a temperature close
to that of the ambient temperature), there is a need to implement
strategies that achieve accelerated warm-up without adding addi-
tional thermal inertia to the system. However there is also, the
‘warm start’ scenario whereby the engine is below its optimal
operating temperature but is at an elevated temperature relative
to ambient, having been running a short time before. In such cir-
cumstances, energy storage methods may be viable to delay the
cool down period, providing the time frame between re-starts isnot long enough for the energy storage device to completely dis-
charge. In the event of this happening, there is a subsequent ther-
mal mass to be heated that, depending on how it is installed, could
prolong the warm-up phase relative to a conventional full cold-
start.
In light of this concern, the solutions discussed either attempt
to reduce (or eliminate) the cold-start by trying to keep the engine
warmer during periods when the engine is non-operational, or at-
tempt to re-apportion the energy balance shown in Fig. 3 in a more
effective manner to achieve accelerated warm-up. For example, of
the energy transferred to the engine from combustion, only 4% is
retained in the lubricant, resulting in its slowwarm-up rate; mean-
while 32% is retained in the engine block, providing little beneﬁt
except that this will promote an increase in cylinder liner temper-
ature. However, with 52% of the energy released from combustion
being expelled from the system as waste heat, there is clearly
scope to improve the efﬁciency of I.C. engines during warm-up
by redistribution of the energy with (for example) this waste heat
being utilised to raise lubricant temperatures more quickly. Com-
monly, it is believed that between 15% and 40% [25,44–46] of the
energy released from combustion is released to ambient via the ex-
haust gases. Table 2 provides a summary of the strategies used to
improve cold-start efﬁciencies and the perceived effect that each
strategy has on different sub-systems whilst the various strategies
are discussed in more detail in subsequent sections.6.1. Energy re-capture from the exhaust stream
6.1.1. Use of exhaust gases in heat exchanger applications
The exhaust gas stream remains an attractive proposition for
energy re-capture with the literature accepting that between 15%
and 40% of the fuel energy input to the engine is contained within
the exhaust gases [25,44,47,48]. The exhaust gases leaving an
internal combustion engine are at a signiﬁcantly elevated temper-
ature which can vary between 300 C and 900 C depending on en-
gine load [4,48]. Hot exhaust gases are arguably a wasted form of
thermal energy that, if harnessed, could have beneﬁts in achieving
accelerated warm-up and reducing fuel consumption. However,
caution must be exercised since extraction of heat from the ex-
haust may increase the catalyst light-off time and thus increase
the level of harmful emissions [22] (Fig. 16). It was highlighted
in Section 3 how a major consideration during the warm-up of
any I.C. engine system is achieving an acceptable catalytic conver-
tor light off time to manage emissions. A strategy to avoid such an
issue would be to capture the exhaust thermal energy downstream
of the catalytic converter; however the broader systems implica-
tions must be considered. A typical length from the exhaust man-
ifold to the catalytic convertor could be over 0.1 m [28] and
Fig. 16. Schematic diagram of the causes of cold-start inefﬁciency and poor emissions.
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perature by over 200 C in the rearward 1 m alone. One must also
consider that the addition of an energy capture system for the ex-
haust gases would add additional weight to the vehicle and may
therefore increase fuel consumption.
Investigations into energy re-capture from exhaust gases have a
lengthy history in the literature. Goettler et al. [24] investigated
the merits of heating the engine coolant via a heat exchanger in
the exhaust stream as far back as 1986. The work still provides
ﬁndings of relevance, although one must consider the advances
in technology when comparing with data from more modern vehi-
cles. It is important to note that owing to the age of the vehicle,
there was no catalytic converter installed and hence, any negative
effect on the catalytic convertor performance did not need to be
considered. In the work reported, a coolant to exhaust gas heat ex-
changer was installed which was aimed at reducing the warm-up
times, and hence reduce fuel consumption, of a 3.3 l S.I. engine.
As part of the work, the vehicle was driven on both a high speed
dual carriageway (that consequently led to high engine speeds
and loads) and a city centre route that mostly comprised low speed
and low loads.
The work indicated that the use of a heat exchanger can have a
positive effect. For this particular engine, the peak coolant temper-
ature was 85 C and it was found that the beneﬁt of the heat
exchanger was most pronounced in high speed and load applica-
tions. The warm-up time for the coolant was also observed to behighly dependent on ambient conditions but in high speed situa-
tions, the warm-up time varied between 5 and 5.5 min and this
could be reduced by up to 1 min by use of the heat exchanger. In
the low speed situations, the effect was less pronounced and the
warm-up time was reduced by approximately 30 s. The work of-
fered no details on emission levels, but the use of the heat exchan-
ger resulted in a 2.2% reduction in fuel consumption for both the
high and low speed circuits. It must be remembered that the cool-
ant temperature generally leads the lubricant temperature and
that using the engine coolant as a means of transferring heat from
the exhaust gases to the lubricant is highly inefﬁcient. Will and
Boretti [5] estimated that transferring heat from the exhaust gases
to the lubricant circuit would facilitate approximately 0.8% of the
energy available being transferred to the lubricant. Therefore, the
fuel saving is likely to have been as a result of reducing the piston
liner friction rather than any dramatic increase in bulk lubricant
temperature.
This work is one of the few examples to offer a potential insight
into the economic and commercial case for implementation of a
technology. The authors focused on the high speed motorway style
driving as being the application most likely to offer a successful
outcome. The test route was 12.4 km long and was completed in
9 min 45 s (an average speed of 76 km h1) and it was found that
the engine with the heat exchanger used 40 ml less fuel than the
baseline case. The authors assumed that the vehicle would make
two cold-starts every day and hence predicted that, the use of
Table 2
Summary table of potential solutions to engine cold-start issues.
Lubricant
warm-up
Combustion
warm-up
Catalytic converter
functionality
Vehicle
integration
Overall effect on
fuel economy
Overall effect on
emissions quality
Exhaust gas energy recovery
(Section 6.1)
Use of TBCs (Section 6.2)
Standard insulation (Section 6.3)
Pre heated coolant (Section 6.4.1)
Coolant ﬂow control
(Section 6.4.2)
Lubricant ﬂow diversion
(Section 6.4.3)
Stop start technology
(Section 6.4.4)
Phase change material
(Section 6.5)
Key
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one repeats such a calculation for today’s fuel prices of £1.27 per
litre rather than $0.40 per litre, the estimated annual fuel saving
is £74. When the paper was written, the authors felt that the sav-
ings presented represented a marginal case as to whether the fuel
savings offered justiﬁed the expense of such an installation; how-
ever, with fuel prices increasing, the merits of such system become
greater.
It has been highlighted how the above work of Goettler et al.
[24] is unlikely to have had a signiﬁcant effect on the lubricant heat
rate owing to the weak thermal interaction between the exhaust
gases and lubricant [5]. The work of Andrews et al. [22] reported
work which attempted to increase the level of thermal interaction
between the lubricant and exhaust gases using additional heat
exchangers. A 1.4 l S.I. engine (operating at 6 kW constant brake
power) was conﬁgured with a lubricant/coolant heat exchanger
to increase the lubricant heating rate but was also conﬁgured with
a heat exchanger between the coolant and the exhaust gas stream.
The baseline condition with neither device active was compared
with the following permutations:
 Only the lubricant/coolant heat exchanger active.
 Lubricant/coolant heat exchanger and coolant/exhaust gas heat
exchanger active.
It was found that, relative to the baseline tests, the lubricant/
coolant heat exchanger alone resulted in a peak reduction in the
coolant temperature of 10 C. The lubricant temperature had a
peak increase in temperature of 6 C within the ﬁrst minute of
the test, although for the remainder of the test, the lubricant tem-
perature was approximately 4 C higher than the baseline. Such ef-
fects resulted in a 6% improvement in brake speciﬁc fuel
consumption but it must be highlighted that the reduction in cool-
ant temperature must be carefully managed to ensure that opti-
mum combustion conditions are attained quickly.
When the additional coolant/exhaust gas heat exchanger was
used, the increased energy input offset the energy transferred to
the lubricant and the coolant temperature increased by a maxi-
mum of 20 C and the lubricant temperature increased by a maxi-
mum of 12 C. This resulted in a peak improvement of brakespeciﬁc fuel consumption of 16%. The work has demonstrated that
both technologies have beneﬁcial effects on cold-start fuel con-
sumption and that the combined effects of different technologies
can be used to offer an improved beneﬁt and counterbalance the
negative effects of different sub systems.
Research into the use of the exhaust gas stream as a source of
energy have also been carried out by Will et al. [5,8] and Andrews
et al. [22] in relation to S.I. engines whilst Kauranen et al. [2] has
utilised C.I. engines. The work of Kauranen et al. also included
the use of phase change materials as an energy storage medium
and is therefore discussed separately in Section 6.5.1. In contrast
to the outcomes of the work of Goettler et al. [24] which demon-
strated the beneﬁt of accelerated coolant heating from the exhaust
stream, Will and Boretti [5] argued that the coolant circuit is an
ineffective heat-transfer medium for recovery of heat from the ex-
haust to the lubricant. Their analysis suggested that a transfer efﬁ-
ciency of 32% is possible when recovering exhaust heat directly to
the lubricant as opposed to an efﬁciency of 0.8% when using the
coolant circuit as an intermediate heat transfer system from the ex-
haust stream to the lubricant. Their work thus focused on utilising a
direct exhaust gas to lubricant heat exchange device. Over the NEDC,
the system showed a 7% improvement in fuel efﬁciency relative to a
system without the heat exchanger installed, together with a reduc-
tion of 2% in hydrocarbon emissions. This translates into a 27%
reduction in CO emissions and a 19% reduction in NOx. To avoid
emissions concerns, the heat exchanger was located to the rear of
the catalytic converter. Will and Boretti [5] argue that the increased
lubricant temperature has a range of positive effects in addition to
the primary objective of reducing friction such as increased piston/
liner temperature that will promote more complete combustion.
6.1.2. Use of exhaust gases in thermoelectric applications
The merits of the use of the exhaust gases to directly accelerate
the warm-up rate of either the coolant or the lubricant has been
examined but an alternative approach is to utilise the thermal en-
ergy within the exhaust gases to generate electricity using the See-
beck Effect [44,46]. The Seebeck Effect is where there exists an
electrical voltage across the junction of two dissimilar materials
as a result of a temperature difference. Such a strategy could
potentially confer a beneﬁt on emissions and fuel consumption
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A typical thermoelectric junction is shown in Fig. 17 [44].
The material selection criterion for thermoelectric generator
(TEG) applications is governed by the ﬁgure of merit, deﬁned as
Z in [46,49]. Thus, it can be seen that for TEG applications, the
material needs to have a high Seebeck coefﬁcient and low electrical
resistivity and thermal conductivity [46,49].
Z ¼ a
2
qk
ð10ÞFig.17. Typical thermoelectric junction utilising p-type and n-type doped semi-
conductors [44].where
a = seebeck coefﬁcient (V K1)
q = electrical resistivity (Xm1)
k = thermal conductivity (Wm1 K1)
Eq. (10): Deﬁnition of the ﬁgure of merit, [46,49]
The typical efﬁciencies of TEG devices are reported as being be-
tween 3% and 5% [46,48,49], with Matsubara [50] claiming efﬁcien-
cies as low as 1% and as recently as 2012, BMW only targeting a
maximum power output of 1 kW [46]. A possible reason for the poor
conversion efﬁciency is the way in which the energy ﬂux falls dra-
matically along the length of the TEG unit. Kumar et al. [48] high-
lighted that the power generated falls by 80% along the 0.4 m
length of the TEG unit whilst Brito et al. [46] also found that achieving
power generation along the length of the module was difﬁcult. Fur-
thermore, Yu and Chau [44] demonstrated how maintaining peak
power output requires the implementation of complex electronic
control strategies. Using such strategies enables the power output
of the TEG to be increased by up to 22% relative to its baseline perfor-
mance. Thus, the literature predicts that with an optimised system, a
typical power output could be between 552W [48] and 600W [44].
Whilst the conversion efﬁciency is low, such ﬁgures do represent
approximately 50% of a vehicle’s electrical requirements and would
therefore have a beneﬁt on alternator load. The key factor in deﬁning
whether such technology is adopted by automotive OEMs would be
in the cost, with Kumar et al. [48] suggesting the units would need
to cost less than $1000 USD to become commercially viable.
A limiting factor in achieving acceptable power outputs is that
of the maximum operating temperature, as highlighted by Brito
et al. [46]. Kumar et al. [48] detailed how heat recovery from the
exhaust was carried out with a heat exchanger and that the tem-
perature was controlled by the engine coolant circuit. Fig. 18 [48]
shows an energy balance for a typical TEG device. It can be seen
that a TEG has the potential to recover 64% of the energy within
the exhaust gas entering the device However, 58.7% of the inlet en-
ergy is transferred to the coolant owing to operating temperature
limitations of TEG devices which hence limits the electrical gener-
ation to be only 3% of the total exhaust gas energy.
An alternative approach to managing the operating tempera-
ture of TEG devices was proposed by Brito et al. [46] using heat
pipes as a heat exchange medium between the TEG and exhaust
gases. The conversion efﬁciency to electrical power output was still
limited to of the order of 1%, owing to the need to meet operating
temperature requirements.
Thus, from this section, it can be seen that TEG devices offer an
alternative method to heat exchangers to re-capture energy from
the exhaust stream. However, the need to limit their operating
temperature is a limitation to realising their maximum potential
as is the ability to generate electrical output along the continuous
length of the device.
6.2. The use of thermal barrier coatings (TBC) in the combustion
chamber
The piston liner temperature has a signiﬁcant impact on the
thermal efﬁciency of the engine with one of the causes of cold-startinefﬁciency and high emission levels being poor combustion as the
cold walls adversely inﬂuence ﬂame propagation [17,26]. Gardiner
et al. [12] highlighted the mid-liner temperature as being a critical
performance barometer in the efﬁciency of the engine during cold-
start. A higher piston liner temperature reduces the temperature
differential between the liner and the combustion gases and hence
results in a lower heat ﬂux to the wall. The energy not transferred
to the wall as heat is therefore available to be used as brake work
output or in the elevation of the exhaust gas temperature (beneﬁ-
cial in reducing the time to catalyst light-off) [3].
Increasing the cylinder wall temperature can be achieved by the
use of a thermally insulating coating material. Thermal barrier
coatings are usually of the order of 100 lm thick and have a ther-
mal conductivity of the order of 1 Wm1 K1 [51]. Whilst thermal
barrier coating technology has been used to great effect in the gas
turbine industry, transfer into the automotive industry has not
been signiﬁcant. It is important to note there are more effective
insulators available (i.e. materials with a lower thermal conductiv-
ity) but they cannot withstand the high service temperatures or
corrosion from the combustion gases (peak combustion gas tem-
peratures are of the order of 2500 K [4]). In addition, strain resis-
tance and a high oxidation resistance are required, as detailed by
Yilmaz et al. [15]. Yilmaz et al. also offers an extensive list of can-
didate materials. The application of TBCs to engine components ap-
pears to have found favour with diesel engines as opposed to S.I.
engines with the references discussed here all being based on die-
sel engines [3,45,52,53].
Attempts to utilise thermal barrier coatings in cylinder bores
are well documented. Work by Kamo et al. [3] trialled a diesel en-
gine with a cylinder liner coated with a range of TBCs (Table 3) and
extended the work to a TBC coated piston. For the ﬁrst case, an
improvement in fuel economy of 1% was observed, whilst the fully
insulated case delivered a 2% decrease in fuel economy. Other
workers [45,52] conducted similar trials, with reductions in fuel
consumption of between 2% and 4.5% being reported. Such
improvements were also translated into reductions in emissions,
particularly for CO emissions although Uzun et al. [45] appeared
to show a greater gain in emission quality than others with CO
emissions reducing by between 35% and 40%, HC emissions reduc-
ing by 40% and particulates reducing by 48%. Ciniviz et al. [52] ar-
gued that the increased exhaust gas temperatures resulted in the
turbo-charger operating more efﬁciently, thus reducing fuel con-
sumption. It is recognised that the use of TBCs in the bore may
change the combustion proﬁle and to therefore realise the full po-
tential of TBCs, an engine is likely to need ignition timing adjust-
ment to prevent knock phenomena [52].
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ity of removing the cast iron liners owing to both the wear resis-
tance and high operating temperatures of the TBCs. Additionally,
the block itself can be made smaller since the need to accommo-
date the extra thickness of the liners is removed. Dahotre and
Nayak [54] argued that the combined weight savings alone could
result in signiﬁcant fuel savings over the life of the vehicle, a fact
reiterated by Yilmaz et al. [15].
It must be recognised that the use of TBCs may result in changes
to the piston–liner friction; it has been suggested that any increase
in friction is detrimental to engine fuel consumption with piston–
liner friction typically accounting for 30% of the total engine fric-
tion [54,55]. In addition to the thermal management requirements,
the work of Dahotre and Nayak [54] summarised the key proper-
ties required from a TBC to be used in an engine. These include
compatibility with engine lubricant and the ability to be honed
as a post-deposition operation. The honing process is required to
ensure an acceptable surface ﬁnish is achieved so that low fric-
tional losses result. Further material requirements include good
adherence to the substrate, cost effectiveness and the ability to
implement the processes on a mass production scale. However, it
should be highlighted that there is no apparent compromise to
other systems as a result of such an approach, providing that the
engine can be re-optimised for the altered combustion conditions.6.3. The use of standard insulation on the engine structure
Fig. 16 indicated that all cold-start inefﬁciencies can be attrib-
uted to either the catalytic converter, lubricant or combustion wall
being too cold. As such, it is clear that there will be a beneﬁt in
bringing the temperature of the whole system up to its normal
operational temperature as soon as possible. One method to
achieve this is to apply low thermal conductivity materials to the
outer surfaces of the engine to insulate the system from the ambi-
ent air. This approach may result in more rapid temperature in-
creases, or in slowing down the overall rate at which the
temperature falls following a period of engine running. In a cost-
constrained and risk-averse industry, such a strategy has the
advantage of utilising known technology that can be implemented
in a cost effective manner.
Bürgin [56] experimented with applying insulation in what
were termed the ‘engine-near’ or ‘engine-far’ approaches using aFig. 18. Typical energy balance for a TEG device coupled to the exhaust system [48].diesel engine. The engine-near approach places insulation onto
the engine block itself whilst the engine-far approach places insu-
lation on the internal panels of the vehicle within the engine bay.
After a cool down period of 12 h, the engine near-solution resulted
in engine lubricant and coolant temperature increases of 6–7 C
over those observed in baseline tests, whereas the engine-far ap-
proach resulted in the engine coolant being 7–8 C higher than in
baseline conditions but the engine lubricant being only 4–7 C
higher. If one considers the causes of cold-start inefﬁciency, this
would suggest that the engine-far approach would better address
the issues relating to piston–liner friction and poor combustion
but that the frictional losses in bearings due to high lubricant vis-
cosity would be less well addressed. Comparatively, the engine-
near approach is able to hold engine lubricant temperatures higher
for longer and therefore have a more positive effect on the issues
presented by high lubricant viscosity.
Critically, percentage coverage is crucial to the successful
implementation of any external insulation philosophy with Bürgin
suggesting that to achieve noticeable improvements, at least 60%
coverage needs to be achieved. If the percentage coverage is less
than 50%, the rise in temperature, relative to the uninsulated sce-
nario after 15 h is less than 1 C. Such ﬁndings are summarised
in Table 4; it should also be noted that similar trends were ob-
served by Stouffer et al. [1].
Whilst the engine-near approach was seen as thermally supe-
rior, Bürgin argues this approach was likely to incur a higher
weight penalty (estimated to be 10%) due to the need to use stiffer
structures to cope with increased engine vibrations. Bürgin’s work
focussed on the retention of heat in an engine after running (i.e.
during the cool down period); one concern with such a strategy
is that should an excessive mass be added, there is a risk that the
additional thermal inertia of the system may cause a delay in the
initial warm-up and therefore have a negative effect. No such com-
parative data was available from Bürgin but the work of Bent et al.
[11] does help alleviate such concerns. Bent et al. carried out work
on a 1.6 l 4 cylinder S.I. engine and compared the bulk lubricant
temperature in the sump with differing levels of engine encapsula-
tion applied. The insulation material used was a 25 mm thick layer
of rockwool, with a thermal conductivity of 0.04 Wm1 K1; the
reductions in lubricant temperature with time on cool down are
shown in Fig. 19 [11]. One can see that during the warm-up, there
is negligible difference in lubricant temperature as a result of dif-
ferent levels of insulation but the cool down rate is signiﬁcantly re-
duced by the presence of insulation. This would suggest that the
additional thermal mass of external insulation is not of signiﬁcant
detriment during warm-up. It does, however, have a signiﬁcant ef-
fect on cool down and one can see that with the whole engine insu-
lated, the bulk lubricant temperature is held over 10 C hotter than
the uninsulated case 2.25 h after the engine ﬁnished running. This
would suggest that the external energy losses from the outer sur-
face of the engine are suitably de-coupled from the lubricant to
make the additional thermal mass of the insulation insigniﬁcant
during the warm-up phase.
6.4. Active system control methods to improve vehicle cold-start
performance
The solutions discussed thus far have all been related to a
change or addition of material to potentially better suit the cold-
start phase of an engine (in situations where the engine is fully-
cold or in situations where a short period of non-operation has fol-
lowed one of engine operation). However, the greater ﬂexibility
that modern vehicles offer in terms of control systems allow for
the use of fundamentally different strategies between engines that
are fully warm and those that are cold. The beneﬁt of such strate-
gies is the potential to use systems during warm-up to reduce the
Table 3
Zirconia and chrome oxide based TBC properties [3].
Coating Composition Application method Density (kg m3) Speciﬁc heat capacity
(J kg1 K1)
Thermal conductivity
(Wm1 K1)
LT-450 Zirconia and chrome oxide Slurry TBC 2930 754 1.23
SCA1000 Zirconia and chrome oxide Plasma sprayed zirconia and post densiﬁed chrome oxide 3380 796 2.40
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warm conditions to avoid overheating.
6.4.1. Pre-heated coolant
Using a 2.6 l diesel engine, Zammit et al. [35] investigated the
merits of utilising pre-heated coolant to increase the rate of
warm-up of engine lubricant and thus reduce bearing friction.
The use of pre-heated coolant could also serve to improve the com-
bustion conditions in the cylinders owing to the close coupling of
the cylinder liner temperature and the coolant temperature. The
engine used during the work had an oil ﬁlter cooler assembly
(FCA) installed that was used to transfer heat between the coolant
and lubricant. The motivation behind installing such devices was
to provide lubricant cooling during high load, steady state running
and to provide lubricant heating during warm-up (when the lubri-
cant is much cooler than the coolant). Zammit et al. [35] installed a
3 kW electric heater in the coolant tank and preheated the coolant
to 90 C; the hot coolant was streamed into the coolant system
when the FCA loop was open (but the main radiator branch was
closed) and peak heat transfer rates from the coolant were ob-
served to be over 4 kW. At the point the hot coolant ﬂow was acti-
vated, Zammit et al. saw the main gallery lubricant temperature
increase from 20 C to 40 C whilst for the same test, the increase
in lubricant temperature in the bearings was only 5 C. This dem-
onstrates that the local lubricant temperature is highly sensitive
to the temperature of the surrounding metal. Nonetheless, a 5 C
increase in lubricant temperature from 35 C to 40 C resulted in
a signiﬁcant reduction in the lubricant viscosity and would thus
be expected to result in reduction of frictional losses. The pre-
heated coolant was estimated to provide an 8% reduction in main
bearing friction work relative to when no heat exchange between
the coolant and lubricant was utilised.
Bent et al. [11] have also investigated the concept of utilising
pre-heated coolant. Relative to the work of Zammit et al. [35] their
work was not exclusively focused on reducing bearing friction but
was intended to target the whole engine system and was focused
on S.I. engines. Consequently, rather than use the coolant as a heat
exchange medium for the lubricant, pre-heated coolant was circu-
lated through either the block or the head. Tests were run by circu-
lating the coolant 20 s before the engine was ﬁred, although a
comparative test of coolant circulating only from the moment of
ﬁring was also conducted. From the data presented, no beneﬁtTable 4
Temperature rise relative to uninsulated baseline test of an engine 15 h after
shutdown when 7 mm thick insulation is applied to the external surfaces of the
engine [56].
% Coverage Temperature rise relative to uninsulated baseline (C)
10 0
20 0
30 0.5
40 0.75
50 1
60 1.5
70 2
80 4
90 7
100 16was observed in pre-circulating the coolant before ﬁring relative
to introducing preheated coolant only once the engine is in use;
however, the friction levels were reduced relative to the situation
with no preheating, with beneﬁts of 5% and 9% of FMEP observed
for block and head pre-heating respectively.6.4.2. Variable coolant ﬂow control
Fig. 16 highlighted that one of the contributory factors to poor
emissions and fuel consumption during the cold-start phase was
the cold cylinder liner temperatures. This wall temperature is very
closely coupled to that of the coolant temperature. During the
warm-up phase of the engine, the coolant usually circulates
through what is referred to as a bypass loop. During this phase,
the thermostat is not open and therefore heat is not being rejected
by the radiator but coolant ﬂow is maintained to reduce the build-
up of hot spots. Such a strategy still circulates coolant through the
block and cools the cylinder liners, albeit to a lesser extent than if
the radiator was in use. The coolant pump is usually driven from an
auxiliary drive belt from the crankshaft and hence the speed of the
pump is proportional to the engine speed. A consequence of such a
system is that during periods of warm-up or driving conditions
that combine low load and high road speed (i.e. motorway cruis-
ing), the cooling system is over speciﬁed. Brace et al. [57] reported
that a conventional mechanically driven coolant pump can only
match the required ﬂow rate for 5% of the vehicle operation time
and that for the rest of the time, the system over cools the engine.
An option that has been investigated is to therefore control the
coolant ﬂow independently of engine speed. Such technology is al-
ready implementable at a commercially effective level with Will
[8] reporting such a strategy costs €5 per 1% fuel consumption
reduction.
Gardiner et al. [12] carried out investigations into the effect of
coolant circulation rate during the warm-up of a 2.0 l S.I. engine.
Typically, the top of the liner is heated by the combustion process
and the bottom of the liner is heated owing to the splashing of
warm lubricant; consequently, once up to temperature, the mid-
liner temperature is the limiting factor in terms of combustion
quality. In addition, the work of Leong et al. [38] has proven thatFig. 19. Engine lubricant sump temperatures from a 1.6 l 4 cylinder S.I. engine
during warm-up at 1500 RPM and 2 Bar BMEP and subsequent cool down [11].
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viscosity when evaluated at the mid-liner temperature. This high-
lights the importance of the mid-liner temperature in minimising
friction between the liner and piston also. It is worth noting that
whilst such work was carried out using the hardware from a diesel
(C.I.) engine, the actual test was motored. Thus, the ﬁndings are
transferrable to both an S.I. and diesel engine situation.
The effect of varying the coolant pump speed is shown in Fig. 20
[12] for both warm-up and steady state running for differing posi-
tions along the length of the engine liner. It can be seen that the
mid-liner position is the coolest of all the locations during the
warm-up. However, despite the coolant ﬂow rate having a notice-
able effect on the liner temperatures, the beneﬁt to fuel consump-
tion is limited, with a fuel consumption saving of 0.5–1% over the
NEDC. This can largely be attributed to the removal of pumping
work by the auxiliary drive, with this instead being provided by
the electric motor.
Bent et al. [11] also investigated modiﬁed coolant ﬂow using a
1.6 l 4 cylinder S.I. engine. In this case, the coolant ﬂow was turned
off until the coolant outlet temperature had reached 60 C, where-
upon the coolant was allowed to ﬂow for 30 s and then turned off
for 60 s (with this cycle being repeated). The authors found that the
top liner region was most effective, with temperatures 10 C higher
than with normal ﬂow; however, the lower liner temperatures
were affected to a much lower degree. Similarly to the ﬁndings
of Gardiner et al. [12], the reduction in fuel consumption was esti-
mated to be less than 1% and was primarily attributed to reduced
pumping work rather than any thermal beneﬁt. However, Bent
et al. [11] did detail some emissions beneﬁts; it was found that
in the ﬁrst 250 s, the pulsed coolant ﬂow strategy resulted in an
approximately 6% reduction in HC emissions relative to that ob-
served with continuous coolant ﬂow, indicating the signiﬁcance
of liner temperature on combustion conditions and the piston–
liner friction. It was observed that as the liner temperatures asso-
ciated with the two coolant ﬂow strategies converge, so did the HC
emissions (but that a signiﬁcant reduction was seen in the early
phases with a pulsed ﬂow).
An important comparison to the above work is that of Samhaber
et al. [9]. Samhaber et al. developed a lumped capacity thermal
model to simulate the warm-up a of 2.0 l direct injection diesel en-
gine that was equipped with a lubricant/coolant heat exchanger.
One of the parameters investigated was a reduction in the coolant
ﬂow rate. It was found that when the coolant ﬂow rate was re-
duced by 10%, the coolant temperature was reduced by approxi-
mately 5 C and this was attributed to a reduction in heat pick-
up from the head. Such a ﬁnding would increase the piston/liner
friction owing to increased lubricant viscosity in this area and re-
sult in poorer quality combustion. However, owing to the presence
of the lubricant/coolant heat exchanger, the bulk lubricant temper-
ature was also reduced by approximately 4 C. Such a strategy was
also highlighted to be negative in the fuel consumption ﬁgures; the
standard ﬂow rate simulation predicted a fuel consumption of
7.71 l (100 km)1. Even accounting for the reduced pumping work
from the lower ﬂow rate, the reduced temperatures cause the sim-
ulation to predict the fuel consumption would rise by 0.6% to 7.76 l
(100 km)1. It is interesting to note that without the lubricant/
coolant heat exchanger present, the situation is reversed. Whilst
the coolant is still reduced in temperature, the lubricant tempera-
ture increases by 2 C. Consequently the fuel consumption, as a re-
sult of reduced coolant ﬂow, shows a reduction in fuel
consumption with the baseline fuel consumption predicted to be
7.86 l (100 km)1 and the reduced coolant ﬂow simulation reduc-
ing this by 0.5%. Such a ﬁnding highlights the need to consider
the bespoke combination of thermal management strategies that
are in place on an individual engine to ensure the changes made
have a positive impact.The work of Brace et al. [57] focused on using electrically driven
coolant pumps to investigate the trade-off of reducing fuel con-
sumption by virtue of increased operating temperatures as a result
of the reduced coolant ﬂow. The work utilised a throttle on the out-
let of the coolant pump to simulate the effect of varying pump
speed on ﬂow rate using a 2.4 l diesel engine. In steady state tests
where the engine was run at 2000 RPM and at either 2 bar or 8 bar
BMEP, it was observed that the lubricant temperature in the main
gallery could be raised by up to 15 C. At low load, such a change
resulted in a 2% improvement in BSFC but a 10–15% increase in
NOx (although the baseline NOx was very low at 2.0 g (kW h)1).
Hence, in this situation, it was judged that the fuel consumption
beneﬁt justiﬁed the increase in NOx emissions. At high load, the
fuel consumption beneﬁt was only 1.5% whilst the NOx emissions
increased by 45%.
In carrying out transient drive cycle analysis of the effect of var-
iable coolant ﬂow, it was found that the ﬂuid temperatures of the
engine were insensitive to changes in ﬂow rate until the latter part
of the cycle, although like Gardiner et al. [12], the liner tempera-
tures did show some sensitivity. Burke et al. [31] report that sim-
ilar ﬁndings have been found by Ap et al. and Di Matteo et al.
Response models for the drive cycle data suggest that reducing
the coolant ﬂow rate from 80% of the maximum to 4% would only
result in a 0.4% reduction in fuel consumption and increase the
NOx emissions by 2%.
6.4.3. Lubricant ﬂow diversion
Early work of Will and Boretti [5] highlighted the potential ben-
eﬁt of using the exhaust gases as a means to raising the lubricant
temperature during warm-up. Within the same publication, Will
and Boretti argued that similar results could be achieved using
an alternative method which employed a bypass valve from the
cylinder head gallery to return a given fraction of the lubricant di-
rectly to the oil pump as opposed to ﬂowing through the sump. In
doing so, it was argued that the effective mass of lubricant in the
block is reduced which should lead to faster lubricant warm-up
rates. The concept of diverting lubricant ﬂow from the sump was
encouraged by Andrews et al. [22] who observed large temperature
gradients through the lubricant in the oil sump resulting in the lu-
bricant in the top of the sump (having just been returned from the
engine) being hotter than the lubricant at the bottom of the sump.
However, lubricant viscosity and subsequent friction in the engine
was related to the delayed heating proﬁle of the lubricant at the
bottom of the sump owing to this cold lubricant being the lubricant
that is scavenged by the engine oil pump.
Law et al. [58] carried out experimental work on a 2.4 l direct
injection diesel engine with a modiﬁed oil sump design. The sump,
shown in Fig. 21, uses an additional thermostat within the sump to
reduce the working volume of lubricant during warm-up. Only
when the returning lubricant is at a temperature around 70 C does
the thermostat open to allow the working volume of ﬂuid to in-
crease. Such an approach saw the lubricant temperature in the
main gallery rise by 5 C relative to a conventional sump at an
ambient temperature of 20 C and increase by 12 C when the
ambient temperature was reduced to 10 C. Whilst the reduction
in FMEP at ambient temperature was difﬁcult to quantify, the
greater beneﬁt observed at reduced ambient temperatures saw
the FMEP during the ﬁrst 2 min of operation reduce by 10%.
A lubricant diversion system has been designed in detail and is
known as the ‘OVER 7’ system, short for Oil Viscosity Energy Recov-
ery System [5]. Initial simulations by Will and Boretti predicted
that the implementation of such a system would deliver a similar
improvement in fuel economy (just over 7%) to the lubricant heat
exchange philosophy discussed previously, but with the advantage
of much reduced complexity and lower hardware requirements. In
a subsequent publication by Will [8], modelling simulations using
Warm-up
Steady state
Fig. 20. The effect of changing coolant pump speed on cylinder liner temperature at 60 s, 300 s and 500 s after start up and at steady state for a 2.0 l S.I. engine when running
at 1800 RPM and 90 N m load [12].
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was found that relative to no bypass ﬂow, the lubricant tempera-
ture could be increased by 64 C and 29 C with a bypass ratio of
70% and 50% respectively 300 s after the start of the NEDC simula-
tion. In using a bypass ratio of 50% it was found that a peak in-
crease in temperature, relative to the baseline, was 70 C. This
occurred at 700 s, after which point the temperature increase de-
creased as a result of closing the bypass valve in response to the lu-
bricant reaching its peak temperature of 120 C.
A similar methodology is the use of split cooling circuits where-
by the heat and block have bespoke circuits and the coolant tem-
perature is optimised for each location. Finlay et al. [32]
appraised such work on a 1.1 l four cylinder S.I. engine. The results
in this work showed that by increasing the coolant temperature in
the block from 100 C to approximately 200 C, the BSFC of the en-
gine was reduced by 4% when run at 3040 RPM (33.5 N m brake
load) and 6% when run at 1800 RPM (20 N m brake load). Such ef-
fects are almost certainly a result of improved combustion due to
the combustion wall temperature being higher and reduced fric-
tion between the piston and liner. The emissions too improved as
a result of such changes with the HC emissions reducing by 25–
35% although NOx emissions showed a peak increase of 16%.
6.4.4. The use of stop–start technology
Stop start technology has become more commonplace in the
automotive market in recent years, although its role in cold-starts
is a complex compromise. Stop–start technology is used to elimi-
nate fuel consumption and emissions during idling by turning
the engine off.
However, in utilising stop start strategies, the warm-up period
for an engine is prolonged. Consequently, fuel consumption ﬁgureswill be poorer for longer even if the total quantity of fuel burnt is
reduced. In addition, whilst the engine is turned off, there is no ex-
haust ﬂow to the tail pipe and hence the catalytic converter will
take longer to become active. Bent et al. [11] investigated the use
of stop start technology over the timeframe of the NEDC using a
1.6 l 4 cylinder S.I. engine. During the NEDC, there are 14 idling
periods, totalling 340 s in duration; Bent et al. predicted that fuel
saving of 41.6 g or 7.6% could be achieved relative to when no stop
start was used. Similar beneﬁts are likely to occur in real world
running with André [10] ﬁnding that vehicles are stationary for,
on average, 18% of the time. However, when examining the work
one can see potential issues, particularly when compared to work
already discussed. The results show that the coolant warm-up rate
as a result of using stop start technology is severely reduced and
results in the thermostat opening 177 s later. Indeed, at the point
that the idling engine thermostat opens (at a temperature of
88 C), the coolant temperature from the stop–start engine is over
10 C lower than the baseline test. It has already been highlighted
by Samhaber et al. [9], Kamo et al. [3] and in particular Gardiner
et al. [12] that the coolant temperature is critical in ensuring that
the piston liner temperature is sufﬁciently high to facilitate com-
plete combustion and reduce piston/liner friction. Thus, when the
engine is running, the net fuel ﬂow is likely to be higher. Similarly,
it can be seen that the lubricant at 600 s is 10 C cooler as a result
of stop start technology and that by the end of the NEDC, there is
still a 5 C difference which will result in higher friction in the
bearings.
Whilst stop start technology is becoming popular with manu-
facturers, Bent et al. [11] concluded that it does not mitigate the
need for improved thermal management in the warm-up phase
of an engine. When fully warm, stop start technology is an
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achieve optimum lubrication and combustion conditions as soon
as possible, making stop start technology less attractive in this
phase of engine operation.6.4.5. The limitations of active control methods
The preceding section demonstrated that from both a fuel con-
sumption and emissions perspective, potential does exist to im-
prove engine cold-start performance. However, it is worth
considering both the limitations of the research investigations
and subsequent issues with implementation of strategies at a
mass-production level.
Engine management strategies are both complicated and out-
side the remit of this work but they are nonetheless well developed
and based on the known thermal behaviour of the whole engine
system. By virtue of introducing new technology and control strat-
egies, the thermal balance of the engine and subsequent interac-
tions between different sub-systems is signiﬁcantly altered. This
can cause conﬂicts with engine management systems and limit
the effectiveness of strategies being trialled. Such issues were high-
lighted by Burke et al. [59] where the merits of variable coolant
ﬂow and the possibility of cooling exhaust gas recirculation gases
with the lubricant rather than with the coolant were discussed.
NOx emissions for engines generally increase with increasingFig. 21. Novel sump design from a 2.4 l diesel engine to prevent lubricant mixintemperature, and a strategy typically employed to limit NOx emis-
sions is to delay injection timing as the engine warms up. Burke
et al. [59] highlighted that in instances where experimental data
had proven the engine to be hotter, NOx emissions decreased
unexpectedly. On examination of the combustion behaviour, it
was found that the control strategy was too sensitive to the engine
temperature and was thus advancing the injection timing too rap-
idly, resulting in a reduction in NOx emissions but also leading to
less favourable fuel consumption. Burke et al. also highlighted that
the engine temperature was based on a single temperature mea-
surement in the head and that such an approach is not valid in
the transient phase of warm-up where dynamic temperature gra-
dients exist.
Whilst the scope of Burke et al.’s work is beyond the remit of
this review, it does serve to reinforce the high levels of interactions
discussed at the beginning of Section 6 and the need to consider
the wider implications of any strategy.6.5. Applications of phase change materials to improve engine thermal
efﬁciency
The use of phase change materials (PCM) in energy conserva-
tion and management is a ﬁeld of research that has grown in inter-
est in recent years. However, before the use of PCMs in increasingg in the sump and supply hot lubricant to the engine during warm-up [58].
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understand their characteristics.
To raise the temperature of a body requires energy; such energy
is termed sensible heat and is deﬁned in Eq. (11).
QSensible ¼ mCpDT ð11ÞWhere
QSensible = the energy stored in the body as a result of the
temperature rise (J)
m = the mass of the body (kg)
Cp = the speciﬁc heat capacity of the material (J kg1 K1)
DT = the increase in temperature of the body (C).
Eq. (11): Sensible heat contained within a body as a result of a
temperature rise
When the use of standard insulation materials were discussed,
it was argued that the low thermal conductivity of the insulator
(relative to the object being insulated) prevented heat ﬂow away
from the source. Taking the work of Bürgin [56] as an example,
when the outer surfaces of the engine were insulated, the low ther-
mal conductivity of the insulation created a high temperature gra-
dient across the thickness of the insulation, thus maintaining a
higher temperature near the outer surface of the engine than
would ordinarily be the case and therefore reducing the heat ﬂux.
In comparison, phase change materials offer the potential not
only to reduce heat ﬂow, but also to store heat via a change of
phase. When a material undergoes a phase change, heat is either
stored or expelled by the material and utilised in the phase change;
this heat does not result in any change in temperature and is thus
known as the latent heat. A summary diagram of such a process is
shown in Fig. 22; the region of the graph where energy input is
causing no change in temperature is the phase change region.
Such a characteristic may be useful in reducing cold-start inef-
ﬁciency as the additional energy storage in the phase change mate-
rial can be used to store rejected heat from the engine during
running which can then be liberated (limiting the temperature de-
crease whilst the phase change occurs) whilst the engine is non-
operational. Such an approach may well be beneﬁcial given theFig. 22. Summary diagram of temperatures during a phase change.trend shown by André [10] for a large number of short trips to
be made with a relatively short interval between the engine stop-
ping and re-starting. André found that an average vehicle made be-
tween 5 and 6 trips per day and that the average interval between
trips (i.e. from key off to key on) was 3 h 45 min. In addition, over
half of the trips were carried out after a stationary period of less
than 45 min. The use of phase change materials is a strategy that
aims to reduce the inefﬁciencies associated with cold-starts by
increasing the temperature at engine start (rather than increasing
the rate of warm-up). Whilst the release of the latent heat as the
temperature decreases may be beneﬁcial, the energy absorbed to
facilitate the same phase change on heating could prolong the
warm-up period and therefore have a negative effect.6.5.1. Use of phase change materials on the engine and auxiliary
systems
The work of Kauranen et al. [2] was brieﬂy referred to in Sec-
tion 6.1 owing to their work utilising the exhaust stream as an en-
ergy source. Kauranen et al. experimented with using a latent heat
accumulator (consisting of a phase change material) combined
with an exhaust gas heat recovery unit to improve the warm-up
times for diesel fuelled mail delivery vehicles. The aim was to ﬁnd
an alternative to an auxiliary fuel burning heater which, whilst it
improves warm-up times, ultimately has any beneﬁt to fuel con-
sumption heavily impeded by the burning of additional fuel in
the process. In this work, temperatures and emissions were moni-
tored with three conﬁgurations;
 A baseline system with an auxiliary fuel burning heater (AH)
and no exhaust gas heat recovery unit (EGHR) and no latent
heat accumulator (LHA).
 No AH, EGHR active but a discharged LHA.
 No AH, active EGHR and a charged LHA.
Results from this work are shown in Fig. 23 [2]. A key observa-
tion is the comparative performance of the systemwhen the LHA is
charged and discharged. Between these two tests (where there is
no fuel consumption from the auxiliary fuel burning heater to con-
sider), it can be seen that the emission levels dramatically increase
as a result of the LHA being discharged. Such a trend was also re-
ﬂected in the fuel consumption too. The fuel consumption in the
instance where the LHA is discharged was 9.94 l (100 km)1
whereas this was reduced to 8.94 l (100 km)1 when the unit
was charged. Such a trend reinforces the concern that any formFig. 23. CO, HC and NOx emissions for a 1.9 l diesel engine running an exhaust gas
heat recovery unit and latent heat accumulator in differing conditions [2].
Fig. 24. Measured oil temperature over time in the oil ﬁlter when in a cold chamber
at 0 F (17 C) both with and without phase change insulation [1].
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to a ‘warm start’ scenario and that if a truly cold-start is being
made, the added thermal inertia of any heat accumulator could
lead to higher emissions or fuel consumption.
The work of Gumus [29], ﬁrst introduced in Section 3.1 focused
on attempts to improve emission quality whilst the catalytic con-
verter was below its light off temperature and therefore inactive.
To achieve this, a phase change material (speciﬁcally a salt hydrate
of Na2SO410H2O) was coupled to the coolant circuit to enable the
coolant to charge the device during running and to then act as a
heat transfer medium to preheat the coolant (and hence heat the
engine) before the engine was next used. Such a strategy would
have a limited effect on improving the frictional losses from exces-
sively high lubricant viscosity owing to the thermal inertia of the
engine block. Instead, the circulation of pre-heated coolant would
promote cleaner combustion as a result of having hotter cylinder
walls. A secondary effect (if one refers back to the work of Kamo
et al. [3]) would be increased exhaust gas temperatures which
tends to lead to a shorter period before the catalytic converter be-
comes operational. HC and CO emissions were monitored both be-
fore and after the catalytic convertor. The data, presented earlier in
the paper, suggest that preheating the engine via the lubricant cir-
cuit can reduce CO emissions by as much as 50% and HC emissions
by 15% at low temperatures.
6.5.2. Use of phase change materials speciﬁcally targeting lubricant
systems
Stouffer et al. [1] carried out extensive work in improving cold-
starts for the US Army. Their work examined, in detail, the merits
of applying phase change materials to both the oil sump and also
the oil ﬁlter of an 8.3 l, 6 cylinder diesel engine. By insulating the
oil ﬁlter in a phase change material, it was anticipated that the
oil ﬁlter would heat up faster. Were this to be the case, oil entering
the engine would instantly receive some element of heating, help-
ing the lubricant reach its optimum temperature sooner.
Owing to the architecture of the engine, the oil sump is always
very low down, thus exposing it to low ambient temperatures with
Samhaber et al. [9] predicting the external surface of the head to be
15 C higher than that of the outer surface of the lower block. This,
combined with a high surface area and high convective heat trans-
fer coefﬁcients at running speed, makes the sump a potential area
for high heat losses from the oil. Hence, the aim of this work was to
limit heat loss from the sump by encasing it in a phase change
material. Using a phase change material with the optimum struc-
ture and thermal properties for the application intended is key to
achieving success. Phase change materials exist in a range of forms,
although a solid-to-liquid PCM is common place and was used in
this research. Alternatives, such as solid–solid phase change mate-
rials do exist. At the point of peak operating temperature when the
engine system is shut down, it is desirable for the entire volume
(thickness) of the PCM to have undergone the phase change and
therefore for the minimum of thermal gradients to exist across
the thickness of the PCM. If this is not the case and the phase
change material furthest from the heat source has not undergone
the phase change, the system is being underutilised and the ex-
pected beneﬁts will not be realised.
Stouffer et al. [1] combined a theoretical model for optimising
the PCM energy storage system design with experimental veriﬁca-
tion. The model assumed that the ambient temperature was con-
stant at 18 C and that the lubricant temperature started at
95 C (these values being based upon experimental data). In their
simulation work, Stouffer et al. [1] found that by ensuring the
PCM was of a high thermal conductivity, charging times could be
reduced and the PCM maximum temperature was increased, en-
abling it to provide a heating effect to the oil for longer. The addi-
tion of ‘Aluminium Flexcore’ to the PCM assemblies allowed thepeak temperature of the material nearest the hot lubricant to in-
crease by 30 C and the temperature differential across the phase
change material to be reduced from around 100 C to just over
10 C compared to running the phase change material without
the ‘Aluminium Flexcore’. Furthermore, these higher temperatures
were achieved in 3 h, as opposed to the 6 h required when running
with the system without the ‘Aluminium Flexcore’.
Another measure to ensure a high thermal conductivity in the
PCM was the use of a gel-based phase change material over a
foam-based phase change material. The work of Sharma et al.
[60] and Farid et al. [61] also demonstrated that a high thermal
conductivity was necessary for a phase change material to be effec-
tively utilised. However, this does present a compromised situa-
tion as the high thermal conductivity phase change material can
increase convective losses to ambient if used in a jacketing applica-
tion. One solution is to effectively insulate the phase change mate-
rial from the ambient using a conventional insulating material. In
the case of the work of Stouffer et al. [1], an 11 mm thick layer
of polyisocyanurate insulation with a thermal conductivity of
0.022Wm1 K1 and a density of 30 kg m3 was used to reduce
ambient losses. This work shows clear promise, with both oil sump
and oil ﬁlter insulation with PCMs resulting in a marked increase in
lubricant temperature, as shown in Fig. 24 [1] for the lubricant in
the oil ﬁlter.
When looking at the oil temperatures in the oil ﬁlter, it can be
seen that the oil temperature, even when exposed to ambient tem-
peratures of 17 C, is still above 0 C some 6 h after the baseline,
un-insulated engine has reached this temperature. 6 h is approach-
ing a time frame that may span a typical working day and thus,
PCMs may offer considerable improvements during a return com-
mute as the initial oil fed into the system (during the return com-
mute) is still at an elevated temperature.
The work reviewed suggests that phase change materials pres-
ent a real opportunity to improve lubricant systemwarm-up times.
However, the addition of phase change materials does add a con-
siderable thermal mass to the system being considered. To investi-
gate this concern, data was taken from the work of Stouffer et al.
for two tests to investigate if the additional thermal mass of the
PCM had a detrimental effect on lubricant warm-up. Fig. 25 [1]
shows the warm-up and cool down curve for engine lubricant in
two conﬁgurations. Fig. 25a relates to a situation when the engine
had an 11 mm thick covering of polyisocyanurate insulation ap-
plied to the outer surface of the sump whilst Fig. 25b relates to a
situation where a PCM was applied to the sump outer surface with
the PCM then insulated with 11 mm thick polyisocyanurate. Criti-
cally, one can see that there appears to be negligible difference in
lubricant warm-up as a result of the presence of the PCM, although
Fig. 25. Comparative lubricant warm-up and cool down curves for an engine when (a) standard polyisocyanurate insulation is applied to the outside of the oil sump and (b)
when a PCM and polyisocyanurate insulation is applied [1].
Fig. 26. Breakdown of phase change materials into different classes [61].
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sidering why this may be the case; the transient heating of the oil
sump itself is likely to be sufﬁcient to decouple the PCM charging
process from the lubricant heating process. The PCM will not start
charging until the outer surface temperature of the oil sump is suf-
ﬁciently hot to facilitate heat transfer to the PCM. Consequently, in
the warm-up phase, when the outer wall temperature of the sump
is cold, the PCM will not charge and charging only commences
once signiﬁcant heat is being dissipated from the sump. This heat
would be dissipated to ambient if the PCM was not present, and
so it can be therefore concluded that the PCM does not have a sig-
niﬁcant effect on limiting lubricant warm-up rates. However, such
transient effects do need consideration when deciding where to
implement PCMs and are likely to make the use of PCMs internally
within the engine a concern.
6.5.3. The challenges and issues of utilising phase change materials
The use of PCMS in relation to improving engine cold-starts has
been discussed at length with a range of possible methods shown.
However, aside from the thermal considerations that have been
presented thus far, there are other factors that warrant
consideration.
The range of phase change materials is vast, with many having
no speciﬁc trade name. Instead they are typically referred to by
their composition. The reader is encouraged to consult the work
of both Sharma et al. [60] and Agyenim et al. [62] for a comprehen-
sive list of the many PCM variants available.
A critical factor in the selection of a phase change material for a
particular application is that of the phase change temperature. In
order for the beneﬁts to be realised, it is essential that that the
phase change temperature is within the operating temperature
window. The selection of the phase change materials with this
requirement satisﬁed will also be affected by economic consider-
ations, chemical compatibility and ease of installation. A summary
of the classes of PCMs is shown in Fig. 26 [61].
Currently, the most actively used category of PCMs remains the
salt hydrates, owing to their higher thermal conductivities and la-
tent heat values of up to 279 kJ kg1 being reported [60]. Such a
ﬁgure is representative of the high energy density storage avail-
able, particularly when one considers that the typical speciﬁc heat
capacity of engine lubricant oil varies from 1.8 kJ kg1 K1 to
2.2 kJ kg1 K1 across the working temperature range. They are
also economically competitive and established technology relative
to other developing technologies such as the eutectics.
A major obstacle to be overcome when using salt hydrates in
production vehicles would be the degradation over time of their
ability to store heat [60,61,63]. This is a concern reported by a
range of authors in the literature, although few give any speciﬁc
information about the rate of degradation. During the phase
change, the salt hydrate undergoes a chemical reaction, changing
from a hydrated salt (one chemically bonded to water) to either
an anhydrous salt and water or to a hydrated salt with fewer moles
of water. During the phase change, the issue of incongruent melt-
ing can arise, where the water released in the reaction is insufﬁ-
cient to fully dissolve the solid phase. Consequently, the
anhydrous or less hydrated salt is unable to be fully dissolved
and the high density salt sinks to the bottom of the liquid phase.
Such a reaction is chemically irreversible meaning that when the
liquid phase reaches its phase change temperature on cool down,
the solid salt will not chemically revert back to the original solid
PCM and can take no further part in phase change [60]. The life-
span of the salt hydrate is dependent on its application, but across
the literature, there appears to be no degree of certainty beyond
1500 cycles. At this point, various sources report a reduction in la-
tent heat storage capacity. Sharma and Sagra [63] reported a
reduction of 73% in latent heat storage capacity over 1000 cyclesusing Na2SO410H2O and also reported a degradation in perfor-
mance when using CaCl26H2O after only 2 cycles. In the speciﬁc
automotive application of Kauranen et al. [2], data was presented
for 11 thermal cycles with no indication of degradation. Clearly a
life span of 1000 cycles is well within the lifespan of a standard
car (particularly in light of André’s work [10]) and therefore, before
such technology can be widely implemented, these issues of work-
able lifespan must be addressed. However, whilst the literature re-
ports this as a problem primarily associated with salt hydrates, the
work of Shukla et al. [64], together with that of Sharma et al.
[65,66] suggests that this is also an issue with parafﬁn wax based
PCMs. Over 500 cycles, Shukla et al. [64] reported degradations in
latent heat capacity of parafﬁn waxes of 18% and 16% from an ini-
tial value of 130 kJ kg1. Sharma et al. [66] found the situation to be
even more pronounced, with a reduction of latent heat capacity of
24% from an initial value of 184 kJ kg1 over 500 cycles. When ex-
tended to 1500 cycles, this reduction continued to a 26% reduction
over the initial value. Sharma et al. [66] argued that the most likely
explanation for this phenomena in parafﬁn waxes is moisture
absorption. Even before the material is subject to thermal cycling,
Shukla et al. [64] reported wide variations in material properties in
relation to the phase change temperature and latent heat of fusion,
particularly with salt hydrates. Such an issue was attributed to the
presence of impurities in the materials that are to be expected
when using commercial grade materials.
Regardless of long term durability of the phase change material,
there exist numerous logistical issues to overcome in consideration
of implementation of phase change materials in production vehi-
cles. These include:
 Corrosion issues, with salt hydrates being reported as corrosive
to metal containers by Salunkhe et al. [67] and Sharma et al.
[63], whilst Sharma et al. [60] reports parafﬁn waxes as corro-
sive to polymer containers.
 The need to enhance the thermal conductivity of the phase
change material is highlighted across the literature by Farid
et al. [61], Agyenim et al. [62] and Salunkhe and Shembekar
[67]. Stouffer et al. [1] using ‘Flexcore’ aluminium to aid thermal
conductivity also supports the argument.
 Another general concern of all phase change materials is the
phenomena of sub-cooling and super-cooling. Super-cooling in
particular has been cited as being undesirable [60]. This is
where a material remains in its high-temperature phase even
when cooled below the phase transformation temperature (this
occurs due to there being no nucleation sites for the phase
change to occur). It has been reported that should this occur,
then the retrieval of useful energy from the PCM is very difﬁcult.
Sub-cooling is simply the degree of cooling of a material below
its saturation temperature at a given pressure. This is reported
as being undesirable [61,62] presumably because any degree
of sub-cooling stores thermal energy input as sensible heat
(resulting in a temperature rise) as opposed to a latent heat
which results in a change of phase.
 Economic considerations must always be considered, with salt
hydrates being reported as the most economically viable on a
commercial level.
7. Conclusions
Through this review, it can be seen that the issue of internal
combustion engine cold-start efﬁciency is one that has attracted
a great deal of attention over the past 40 years. It can be seen that
there are noticeable improvements to be had in both fuel con-
sumption and emissions as a direct result of improving the cold-
start performance of the internal combustion engine.
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has to attempt to both improve the fuel efﬁciency of the engine
whilst also targeting emission quality. During cold-start, it has
been seen that there are three key issues to be addressed. The ﬁrst
is to increase the cylinder liner temperature warm-up rates to im-
prove combustion conditions and therefore improve emission
quality. Such an issue also reduces the piston/liner friction levels
and therefore improves fuel consumption. Secondly, an increase
in the rate of lubricant warm-up is desirable in order to reduce fric-
tion losses as a result of the lubricant being at a sub-optimal tem-
perature. In attempting to improve these two issues, one must not
adversely affect the catalytic converter whose performance is
highly temperature sensitive and is a critical part of the system
in achieving acceptable emission levels.
The range of strategies to improve engine cold-start perfor-
mance is wide, and aside from the technical merits of each option,
the economic considerations of implementing such schemes must
not be ignored. The use of the exhaust stream as a source for en-
ergy recovery has proven itself to be both popular and effective
when used to accelerate the warm-up of both the lubricant and
coolant. However, the energy recovery does need to take place
downstream of the catalytic converter to enable exhaust gas
after-treatment to be effective. Within the scope of the exhaust en-
ergy recovery is also the potential to use TEG devices to reduce
alternator load. Whilst extensive research into this ﬁeld has taken
place, including the use of heat pipes as a heat exchange medium,
the literature has proven that the temperature limits of the electri-
cal components make conversion efﬁciencies of greater than 3%
difﬁcult to achieve. The economic case for implementing such
technology is therefore marginal though it must be highlighted
that even at such low efﬁciencies, peak power generation ﬁgures
of 600 W have been reported.
The use of TBCs appeared to present an overall trend of producing
improved fuel consumption and reduced emissions. Typical reduc-
tions in emissions and fuel consumption of up to 4.5% have been
claimed in the literature. A noticeable trend has been the trialling
of such technology on diesel C.I. engines as opposed to S.I. engines.
It has also been highlighted that the use of TBCs signiﬁcantly changes
the combustion characteristics and there would be a need to re-opti-
mise the engine to extract the full beneﬁts from such strategies.
The use of standard insulation material does not appear to offer
signiﬁcant beneﬁts in terms of the warm-up rate of the engine.
That said, evidence from a range of sources is in agreement that
that it can delay the cool down rate of engines and associated
ancillary systems and thus may reduce the severity of the cold-
start inefﬁciencies at re-start. Given that it has been shown that
there is a consumer trend to complete multiple short trips in a
day, with an average stationary period of 3 h 45 min [10], the abil-
ity to maintain lubricant temperatures 10 C higher than normal
after 2.25 h [11] is of clear beneﬁt, particularly given the sensitivity
of lubricant viscosity to temperature.
The extended capability of control systems on modern engines
has enabled a wide range of active control strategies to be tested.
All of these have been shown to have positive effects at a prototype
level, although the practicalities of implementing such approaches
on production vehicles remain a challenge to be overcome. Such an
example is the use of preheated coolant and the need to time the
heating to coincide with when the vehicle will be needed. Further-
more, there is a need to consider the combined effects of imple-
menting such strategies with the work of Samhaber et al. [9] in
particular demonstrating the effect of coolant ﬂow rate control
on lubricant temperature being either positive or negative depend-
ing on the presence of a lubricant/coolant heat exchanger.
Typical reductions in friction work from the use of pre-heated
coolant was 8% [35], agreeing with the work of Bent et al. [11]
who observed a 5–9% reduction in FMEP. Comparatively the bene-ﬁts of using variable coolant ﬂow to optimise the liner temperature
presented limited beneﬁts in friction improvement and hence fuel
consumption. Typical improvements in fuel consumption observed
were less than 1% although HC emissions were reduced by up to
6%. One must also be mindful of increasing NOx emissions owing
to the increased temperature of the cylinder walls, particularly
when the catalytic converter is inactive.
The ability to control the lubricant ﬂow destination has shown
great potential to reduce fuel consumption with systems that by-
pass the sump and re-enter the ﬁlter direct from the cylinder head
predicting 7% reductions in fuel consumption [8]. Similarly, a split
cooling circuit strategy for the head and block delivered fuel con-
sumption improvements of 4–6% [32]. Law et al. [58] proved that
the development of a novel sump design resulted in reductions
in FMEP values by 10% during the ﬁrst 2 min of operation by virtue
of reducing the effective volume of oil.
The use of phase change materials as latent heat accumulators to
reduce the cooling rate of the engine and increase the warm-up rate
at re-start offers strong potential for improvements in fuel efﬁciency
and emission quality. A concern with such systems has been the po-
tential risk of them extending the system warm-up time if they be-
came completely discharged. Based on the examples discussed,
such an issue does not appear to arise providing the PCM is installed
at a point where the energy captured would usually be lost from the
system anyway (such as the outer surface). Nonetheless, caution
must be exercised regarding their use in terms of negatively imping-
ing the efﬁciency of other systems. Moreover, their longevity needs
careful consideration with the most economically and practically via-
ble options (namely salt hydrates) having relatively short life spans
that would typically fall well within the lifespan of the vehicle
depending on vehicle usage and possible corrosion issues.
The economic merits of different strategies are difﬁcult to ap-
praise, and they change with the economic climate. For a new tech-
nology to be viable, the commercial beneﬁt to an OEM must be
greater than the cost of implementation. Measuring the beneﬁt
can be difﬁcult to quantify and includes the avoidance of any pen-
alty from national and international bodies (including govern-
ments and the EU) and reductions in road taxation rates as a
result of lower emissions. In addition, the beneﬁt also needs to
consider the projected increased number of sales as result of the
lower running costs (resulting from lower taxation and lower fuel
consumption) proving desirable to consumers. Thus, such apprais-
als are complex and the merits of different strategies will vary both
over time (and will be particularly sensitive to the cost of fuel) and
also geographical location and relevant regulations. Furthermore,
the original research methods used have facilitated the quantiﬁca-
tion of the merits of different strategies differently with both fric-
tion measurements (either by using the FMEP or friction work) or
fuel consumption being used. That said, the review of the literature
in this ﬁeld has clariﬁed how different techniques can result in fuel
consumption reductions of between 0.5% and 7% and see emissions
reduce by 25–40% in the case of HC emissions and 25–40% in the
case of CO emissions.
In conclusion, in trying to improve the cold-start efﬁciency of an
I.C. engine, one must view the problem in the context of the vehicle
as a whole system. An ideal solution is one that both improves emis-
sion quality and reduces fuel consumption whilst also having dura-
bility that is acceptable in terms of the expected life of the vehicle
and is also cost effective to implement for the manufacturer.
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